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Plasmonic resonant coupling in noble metallic nanostructures to incident 
radiation and the related subject of localized behavior of electromagnetic waves are 
currently of great interest due to their potential application to biosensing, chemical 
sensing, optical transmission, and nanophotonic devices.   
In this thesis we present the results of experimental investigations and numerical 
calculations on nanometer-sized metallic structure enhanced fluorescence (nMEF).  
These investigations are carried out with silver nanostructures fabricated by two 
different methods: e-beam lithography (top down) and spray pyrolysis (bottom up).  
By fabrication of arrays of nanoparticles with varying shape, size, and inter-particle 
spacing, we determine the dependence of fluorescence enhancement on these critical 
  
dimensions and locate the optimum configuration for fluorescence enhancement for a 
given molecule and excitation wavelength.  For practical applications, especially for 
rapid sensor fabrication, we then repeat the nMEF measurement with size-selected Ag 
nanoparticles produced with a spray pyrolysis instrument equipped with differential 
mobility analyzer (DMA), basing our choice of particle size and average spacing 
(~coverage-1/2) on the findings from our results on electron-beam lithographically 
patterned structures.   
To explore the role of particle plasmons in fluorescence enhancement 
quantitatively we compared the plasmon resonance frequencies for rod-shaped 
nanoparticles vs. width-to-length aspect ratios, with the shape which produces the 
optimum enhancement for a particular excitation/fluorescent-emission-peak 
frequency/polarization combination.  In further experiments we measured 
fluorescence from two dimensional metallic stripes, with systematically-varying 
widths and spacings, both with and without an underlying noble metallic film.  
Finally, to probe the effect of the substrate, we compared fluorescence measurements 
in the absence of metal nanoparticles over oxide-coated silicon substrates and oxide-
coated noble-metallic films.  
In analyzing these results we applied both the discrete dipole approximation 
(DDA)[23,39] and finite difference time domain (FDTD) [24-26] methods, calculating the 
electromagnetic field response of our arrays to incident light.  Comparison between 
these calculations and experiment provides physical insight as to the mechanisms of 
nano-metal particle-enhanced fluorescence: our results indicate local field 
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Chapter 1: Introduction 
1.1 Motivation 
Nanostructures with appealing optical [1], electronic [2], and magnetic [3] 
properties are generating much enthusiasm in many fields, including material science, 
optics, and molecular biology.  One of the most active areas is the investigation of the 
interaction of light with nanostructured systems, including surface enhanced Raman 
Scattering (SERS) [4] [5] [6], enhanced fluorescence [7], or light absorption efficiency [8] 
with applications in chemosensors [9], biosensors [10], and photovoltaic devices [11] 
respectively.  The enhanced interactions are generally attributed to resonant coupling 
between radiation and particle plasmons in noble metallic nanostructures, and the 
possibility of tuning this resonance to coincide with that for resonant excitation of 
nearby molecules.  We note in passing that SERS and fluorescence are different types 
of light-matter interaction and thus the nature of interactions between nanostructures 
and molecules in these two cases is not the same; in this thesis, we only focus on the 
latter phenomena.   
During the last few decades, fluorescence has been the technique of choice for 
many assays in the biological sciences.  Fluorescence spectroscopy is considered to 
be an essential research tool in biotechnology, especially in cellular and molecular 
imaging.  Given this, spectroscopic enhancement of fluorescence would play an 
enabling role in the measurement at increased sensitivity, perhaps at the level of 
single-molecule detection.   Recently, there has been a large interest in exploiting 




the contribution of the local surface Plasmon resonance is seldom emphasized. There 
have also been recent reports on fabrication of ordered Ag and Au nanostructures 
which focused on both extinction spectra and on surface-enhanced Raman scattering, 
but not on enhanced fluorescence [17][31,32].   
 
1.2 Background 
  Fluorescence is a process in which the absorption of a photon by a molecule 
results in the emission of another photon with a longer wavelength due to Franck-
Condon effect [27], which applies only to changes in the vibrational levels of a 
molecule in the course of a change in electronic levels.  Unlike the excited state in 
phosphorescence, in the excited singlet states for fluorescence, the electron in the 
excited orbital is paired by opposite spin to the second electron in the ground-state 
orbital. Consequently, return to the ground state is spin allowed and occurs rapidly by 
emission of a photon.    
There are several principal effects which contribute to fluorescence 
enhancement:  first of all, arrays of nanostructures spaced at separations smaller than 
the wavelength of light may lead to a localization of strong electromagnetic fields, 
overcoming the diffraction limit of conventional optics.  A periodic corrugation at the 
interface between the metallic and the dielectric media may serve in production of 
photonic crystals [12] or gratings [13] which open up gaps in the dispersion relation for 
the excitation of surface plasmons.  Based upon the image effect for a charge in front 
of the metallic film [16], localized plasmons may couple to traveling plasmons in the 




resonance frequencies and local field distribution are determined by the shape, size, 
spacing and composition of the nanostructures, as well as the dielectric constant of 
the surrounding medium [1] [15] [17].   
 
There have been a number of other studies of metal nanoparticle enhanced 
fluorescence. Reports by Geddes et al. [7,19,20] and Gerber et al. [21] provided evidence 
that the coupling between fluorophores and the plasmon electrons is important to 
enhanced fluorescence.  These two groups reached similar conclusions: that the 
interactions between the excited fluorophores and nanoparticles change the 
fluorophores’ radiative decay rate which, in turn, enhances fluorescence.  As we show 
below and elsewhere [22] however, this model is not complete: it neglects the 
nanoparticles’ response to incident light and the spatial distribution of fluorophores.  
The plasmonic contribution to the electric field distribution is not uniform near the 
surface of nanoparticle.  As a result, fluorophores at different locations will interact 
with the oscillating charge which constitutes the plasmon differently, which may 
result in different radiative decay rate.  In spite of extensive previous study having 
been done in this area, it was not clear at the outset of the work reported in this thesis 
whether the incident light induced effect or coupling between fluorophores and 
nanoparticles dominated the total enhancement.  How the radiative decay rate of 
fluorophores at different location is affected by the latter is also not yet clear.  While 
the role of substrates in enhanced fluorescence has generally been neglected in 




localized particle plasmons and traveling surface plasmons in the presence of an 
underlying metallic film.   
 
1.3 Organization 
The remainder of this thesis is organized as follows: in chapter 2 we describe 
the experimental techniques used in fabricating and characterizing our arrays of silver 
nanoparticles and the fluorescent molecules.  In chapter 3 we describe a series of 
experiments in which we measure the dependence of the fluorescence enhancement 
from different silver nanostructures on the size, shape and spacing of the particles, as 
well as the nature of the substrate, and thickness of spacer layers.  We begin that 
chapter with results on size-selected spherical nanoparticles, comparing the 
fluorescence with measurements of the optical extinction [18], and calculations of the 
local fields, carried out by two different methods.  In the second part of chapter 3 we 
describe the results of a systematic study of enhanced fluorescence from arrays of Ag 
columns of square and triangular cross section fabricated by electron beam 
lithography [17].  We next describe results for anisotropic, rod-shaped columns 
consisting of both extinction and fluorescence measurements to determine the 
incident light-polarization dependence of fluorescence on the rods’ width-to-length 
aspect ratio.  We discuss the limitations of a simple model based only on resonant 
Plasmon coupling in light of these results.  We end chapter 3 with results from two 
dimensional nano-groove structures with and without an underlying metal film, 
comparing the results with those of numerical calculations, and relating the local 




to the enhanced fluorescence we observed.  Chapter 4 gives some overall conclusions 
from this work.  Additional details on the calculations and measurements are given in 




Chapter 2: Experimental and Numerical Methods 
 
2.1 Metallic nanostructure fabrication 
2.1.1 Electron-beam lithography 
We employed conventional electron beam lithography to create the well-defined 
characteristic nanoparticles and other nanofeatures. The procedures are indicated 
schematically in figure 2.1.  In most of our studies we used Si (001) substrates (1~10 
cm−Ω ).  We first deposited approximately 25nm of an aluminum oxide (Al2Ox) onto 
these substrates to improve the adhesion of the silver nanoparticles, as Ag does not 
wet SiO2. We next spun polymethyl methacrylate (950,000 molecular weight, 4% 
resins in anisole solvent) onto the substrates, and then patterned this layer using a 
field emission scanning electron microscope (SEM, JEOL JSM-6500F), which has 
been modified for electron beam lithography control (Nabitty). A silver layer, 
typically 75nm thick, was deposited using an electron beam evaporator (CHA Mark 







Figure 2.1:  Schematic of electron beam lithography procedures for producing Ag 




2.1.2 Spray Pyrolysis Synthesis 
As a faster alternative to electron beam lithography, we synthesized spherical 
silver nanoparticles by spray pyrolysis as shown schematically in Fig. 2.2 [33] 
Aerosol particles were produced by passing a carrier gas through an oven in which 
Ag is heated to 1100-1200 0C resulting in evaporation and condensation.  These 
are then charged and passed through a differential mobility analyzer (DMA) [34], [35] 
for size-selection.  Next the aerosol passed through second furnace, in which the 
particles were sintered in hydrogen to make them spherical. These spherical, size-
selected particles were directed onto a Si (001) substrate [33], [35] which as pre-
patterned with a square grid of crossed lines using photo-lithography.   The pattern 
allowed navigation to the same position with both scanning electron microscopy 
(SEM) for particle metrology and laser scanning microscopy (LSM) for 
fluorescent imaging.   
We obtained statistics of the size and the number density of the particles by 
analyzing the SEM images scanned from the sample (appendix C). [36] All of the 
measurements reported below were done in regions away from the grid lines, i.e. 
on the oxide-coated Si substrate.  We varied the average diameter of the 
nanoparticles over the range from 50 nm to 320 nm.  A statistical analysis showed 
a maximum of 7% standard deviation from the average. The aerial coverage of the 
particles varied from 4% to 15% between samples; we corrected for this variation 











Figure 2.2:  Schematic of synthesis of size selected spherical silver nanoparticles 








2.2 Atomic Force Microscopy (AFM) Measurement 
Imaging of surfaces under study was performed with a commercial AFM 
(Digital Instruments Dimension 3100), using tapping mode, in ambient atmosphere.  
We used AFM to characterize the sample topography after each fabrication step, 
determining surface roughness as well as the height of the nanostructures.   
An important issue in our analysis of enhancement factor was whether the 
fluorescently tagged proteins covered both the Ag nanostructures and the oxide-
coated substrate.  We resolved this unambiguously by measuring AFM force curves 
from Ag nanostructures and the substrate before and after depositing the 
fluorescently-tagged protein.  It is well known that hydroscopic forces, in particular 
the meniscus force dominate the van der Waals forces for measurements done in 
ambient atmosphere.  As these depend strongly on relative humidity, force curve 
measurements done in ambient are difficult to reproduce. [37]  We solved this problem 
by performing our measurements with both the sample and stylus immersed under the 
same buffer solution used in storing the proteins, eliminating the meniscus force, and 
resulting in repeatable surface tension forces.  The measurement scheme is shown in 
Fig. 2.3.  The adhesive force, measured on withdrawing the tip while under a buffer 
solution is large and different before protein deposition: 21nN from the Ag 
nanostructures vs. 10 nN from the surrounding substrate.  The adhesive force between 
the tip and Ag nanoparticle surface and between the tip substrate surfaces is nearly 
identical and much smaller, ~1nN, after protein deposition; the force curves are 
shown in Fig. 2.4.  Based on these measurements we concluded that both the Ag 





Figure 2.3:  Schematic showing experimental set up for force curve measurement 




























spring constant: ~ 0.58 nN/nm
Ag
avg. force = 27.037 nN
Si
avg. force = 10.520 nN
Ag w/ CY3,CY5
avg. force = 1.019 nN
Si w/ CY3,CY5
avg. force = 1.207 nN
 
Figure 2.4: Force curves, as measured by AFM under a buffer solution, both before and 
after protein deposition on Ag nanostructures and Si substrate. We use a SiN cantilever 
with spring constant ~0.58 nN/nm, and both approaching and withdrawing curves (as 
labeled for example) are plotted for each situation. The adhesive force is calculated by 




2.3 Coating sample with fluorescent molecules 
A spacer is generally required between the fluorescent molecule and metallic 
surfaces to prevent quenching of the fluorescence. In our experiments we used a self-
assembled monolayer (SAM) spacer layer of Bovine Serum Albumin (BSA) - biotin 
(protein) to define a definite fluorophore to metal spacing.  CY3, CY5 dyes were held 
in place using BSA-biotin as streptavidin conjugates.   Both dyes were deposited on 
the same surface using an equimolar mixture in a 1 µM dilute buffer solution. The 
buffer consisted of a 5 mM solution of 42PONaH  with the pH adjusted to 7.5. Finally 
we rinsed away fluorophore-tagged protein which was not bound to underlying BSA-
biotin. Applying both dyes simultaneously eliminated variation in sample preparation 
and allowed the same areas to be evaluated using two spectral windows. The distance 
from the silver surface to the fluorescent tags is estimated to be approximately 8nm.  














2.4 Fluorescence measurements 
Fluorescence images of the sample were collected using a confocal laser 
scanning microscope (Zeiss model LSM 410) with objective lens producing a 
magnification of 100 and a numerical aperture of 0.8.  The samples are maintained 
wet, i.e., under a thin layer of dilute buffer solution (as described in section 2.3). The 
absorption and emission spectra of the CY3 and CY5 fluorophores and excitation 
wavelengths are plotted in figure 2.6.  CY3 was excited by linear polarized light using 
the 514 nm line of an Argon ion laser, and the fluorescence collected through a filter 
which passes light in the wavelength range from 535 to 575nm.  For CY5 the 633 nm 
line of a He-Ne laser was used for excitation, and the fluorescence collected through a 
filter passing light of wavelength above 660nm.  The measurement scheme is shown 
in figure 2.7.  To extend the dynamic range, the LSM is equipped with a set of 
attenuation filters with index numbers of 1, 3, 10, 30, 100, 300, and 1000; the relative 
intensity passed by a filter is the reciprocal of the index number.  For confirmation, 
we have done measurements, collecting a series of fluorescence images under 
different attenuation filters, and finding the average intensities from each.  Since the 
dynamic range in an 8-bit gray level image is only 256 levels, any higher 
fluorescence intensity ( fI ) would be truncated at the maximum value of 255.  The 
detector dark current sets the lower limit of the range of measurable intensity; this is 
taken as the “background” intensity, BI   (Fig. 2.8).  In the results presented in this 
thesis, we adopt the common convention of defining the ratio of background-
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fluorescent intensity with one level higher in attenuation index compared with 
1f
I , 
and the same relationship between the average background intensities 
1B
I  and 
2B
I .  
The near-linear region (around attenuation index 10 in Fig. 2.8) would manifest itself 
near the intensity ratio 3 in Fig. 2.9 (within the marked band).  Having experimentally 
measured the attenuation produced by each filter, we are able to unify different 
dynamic ranges from various experimental results simply based on the optimum 





Figure 2.6:  Absorption (dash) and emission (solid) spectra of CY3 (green) and 
CY5 (red); Laser lines used for excitation are shown with arrows: 514 nm (green) 
and 633 nm (red). 
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Figure 2.8:  Intensity as a function of attenuation index of filter from CY3 
fluorophore. 
 






2.5 Scanning Electron Microscopy Characterization 
In addition to atomic force microscopy (AFM), described in section 2.2, we use 
scanning electron microscopy (SEM, LEO 1550 VP) to characterize the sample 
topography after each fabrication step.  While AFM provides superior information as 
to feature height, SEM allows us to more precisely define the lateral dimensions of 
the structures, as the AFM tip is wedge shaped, and produces a convolution effect 
which depends on the height or depth of a feature.   
The SEM also allows for energy-dispersive X-ray spectroscopy (EDX) 
providing direct information on compositional heterogeneity [38].  With this technique, 
we correlate the fluorescence enhancement with the coverage of silver nanostructures.  
Fig 2.10 (a), (d) shows scanning electron microscope images on silver pads and 
nanopillars on silicon substrates.  The nanopillars prepared by electron beam 
lithography consist of particle arrays with controlled diameter 120nm and center-to-
center spacing of 220nm.  The EDX map acquired for silver pad (b) and nanopillars 
(e) is also given.  Average x-ray signals were much lower in nanopillars due to lower 
effective surface areas.  Surprisingly, the fluorescence (CY3) intensity was extremely 
high on nanopillars compared to continuous films under the same dynamic range 
defined by the attenuation in laser illumination as described in section 2.4.  This 
prompted us to explore the origin of enhancement based on the vicinity of the 
fluorescent tags to silver nanostructures.  One thing which should be noted is that the 
fluorescence map is taken under the linear regime for high intensity from silver 




differentiate between silver pads and substrate at the lower dynamic range.  We will 




Figure 2.10:  SEM images with beam energy 10keV of a silver pad (a) and 
nanoparticle array (d) on Si substrate consisting of diameter 120nm and center-
center spacing 220nm nanopillars; EDX on silver pad (b), nanopillars (e) at energy 
2.9844eV (
1α
L  of Ag), and fluorescence (CY3) map on the same area of silver pad 




2.6 Extinction measurements 
To determine particle plasmon resonance frequencies for arrays of nanoparticle 
with varied size and shape we measured optical transmission spectra, in which the 
plasmon resonances appear as minima in the transmission spectrum, or as peaks in the 
extinction spectrum, as illustrated in Fig. 2.11.   
These measurements require optically transparent substrates; we used 
commercial glass slides which are coated with a thin (15-30 nm), transparent indium 
tin oxide (ITO) layer.  This conducting layer serves to prevent charge buildup during 
lithography, and improve adhesion of silver nanoparticles.  For optical transmission 
measurements, metal (brass) masks provided an aperture over the silver nanoparticle 
array and over the bare substrate. Room-temperature transmission measurements of 
near-normal incident light at frequencies from 1 to 3 eV were performed using a 
Fourier-transform spectrometer.  Comparing results with different polarizations of 
excitation light, we explore the role of the plasmon resonance coupling in 
















Figure 2.11:  Transmission spectra measured for an array of rod-shaped Ag 
nanoparticles of lateral aspect ratio 2:1 deposited on ITO-coated glass.  The red 
curve is for the electric field vector of the incident light parallel to the long axes of 
the rods; the blue curve is for the electric field vector perpendicular to the long axis 




2.7 Numerical calculations 
As part of the work presented in this thesis, we carried out numerical 
simulations to calculate the local electric field for arrays of noble metallic 
nanostructures with various shape, period, spacing, dielectric constant of surrounding 
media, as well as optical extinction spectra. The numerical calculations were based on 
two different modeling methods.  The first is the finite-difference time-domain 
method (FDTD) [24-26], which is well suited to describing field distributions in regular 
arrays of nanostructures, due to the simplicity with which periodic boundary 
conditions can be set.  As a second approach we used the discrete-dipole 
approximation method (DDA) [23, 39] to compute the extinction, scattering, and 
absorption cross sections for a single nanoparticle or particle arrays on a finite 
substrate.  The calculations were performed for nanoparticle dimensions comparable 
to or smaller than the wavelength of the incident radiation.  Furthermore, DDA 
provided us with the resultant spatial dipole distribution.  In addition to the local field 
intensity distribution, it also allows evaluation the dipole moment of a nanostructure 
immersed in an electromagnetic field.  Details for both methods are in Appendix A 






Chapter 3: Experimental results and discussions 
PART I Experiment with Self-assembly techniques: 
3.1 Enhancement from Size-selected silver nanoparticles 
Figure 3.1 shows a comparison between scanning electron microscopy and 
fluorescence microscopy images from size-selected silver nanoparticles on the silicon 
substrate for the range of diameters we have studied [42]; in Fig. 3.1(a) – (e) the SEM 
images are shown in red, and fluorescence images for an excitation wavelength of 
514 nm (exciting the Cy3 fluorophore), scanned from precisely the same regions are 
superposed in green. The SEM images show that particles are spherical, and 
randomly distributed.  There are rare occasions where two or more particles are in 
contact; this occurs more frequently on samples with larger average particle diameter, 
as shown in Fig. 3.1(e). In general, however, individual particles are well separated 
from their neighbors.  The images show a strong and systematic variation as the 
average diameter of the Ag nanoparticles is varied.  Highest fluorescence intensities 
are obtained from samples with particle diameters slightly below the middle of range 
we have studied, i.e. for d ~ 90 nm. A similar trend, but with a slight increase in the 
optimum diameter is also observed from fluorescent images for an excitation 
wavelength of 633 nm, as discussed below.  
The fluorescence images also show variation of the intensity from point to 






Figure 3.1: (a)-(e) SEM 
images (red) of the Ag 
nanoparticles deposited on 
silicon substrates, and the 
corresponding fluorescent 
images (green) for Cy3 
fluorophore scanned with LSM 
from the same cell: The field of 
view is 20 µm. (f)-(j) 
Fluorescent intensity vs. local 
Ag nanoparticle coverage 
determined from 10 µm 
windows from panels (a)-(e). 
The average particle diameters 
in each panel are (a), (f) 67 ±1 
nm, (b), (g) 96±2 nm, (c), (h) 
173±24 nm, (d), (i) 271 ±14 nm, 
and (e), (j) 319 ±17 nm. The 
inset in panels (a)-(e) show 
higher magnification SEM 
images allowing the particle 
shapes to be seen; the size of 
the scale bar in the insets is 




protein, as we find that this variation remains fixed when additional images of the 
same region are scanned and many of the bright regions occur between relatively well 
separated Ag nanoparticles. There are no extremely intense “hot spots” between 
particles in near – contact [44] or in agglomeration; however there is a correlation 
between local coverage for certain particle sizes, as seen in Fig. 3.1(g) and (i) where 
the local fluorescence intensity varies linearly with local Ag nanoparticle coverage 
within a sample.  For other particle sizes the intensity and coverage are nearly 
independent. Interestingly, it is for those particle sizes corresponding to highest 
fluorescent intensities that a strong correlation exists. 
In analyzing the effect of the nanoparticles on the fluorescence we define the 



















where aI  is the average fluorescent intensity normalized with the percentage aerial 
coverage aA  of the silver nanoparticles (measured using SEM). eI  is the raw 
fluorescent intensity measured from areas containing fluorophore/spacer coated silver 
nanoparticles.  fI  is the fluorescent intensity without silver nanoparticles, i.e. 
measured from areas where only fluorophore/spacer layer is present. BI  is the 
background intensity measured from an area of the substrate where both fluorophore 
and silver nanoparticles are absent. The ratio N describes the fluorescence 
enhancement due to the silver nanoparticles, factoring out the effect of variations in 
fluorophore coverage and Ag area fraction.  The finite intensity and dwell time at 




evidenced by the scintillations in the fluorescence images, we thus average each of 
the individual intensities over a region a few microns in lateral extent.  
 Fig. 3.2 shows the measured nanoparticle diameter dependence. As shown in 
panel 3.2(a), the enhancement initially increases with particle diameter, reaching a 
maximum of approximately 240 at d ~ 85 nm for the 514 nm wavelength excitation; 
we observe a window of particle diameters between ~85 nm and ~150 nm for which 
the enhancement exceeds 100 fold.  For excitation at a wavelength of 633 nm, the 
maximum enhancement of approximately 350 is measured at a slightly larger 
diameter, ~150 nm, as seen in panel 3.2(b); the enhancement exceeds 100 for 
diameters from ~95 nm to ~160 nm. Much lower or no enhancement is obtained for 











Figure 3.2:  Measured normalized enhancement of the fluorescence, N, on silicon 
substrate (filled circles) or glass substrate (open circles), and the calculated (DDA) 
average E-field intensity (solid curve) near the Ag particles as a function of Ag 
particle diameter: (a) 514 nm excitation (Cy3 fluorophore), (b) 633 nm excitation 
(Cy5 fluorophore). The dashed curve in (a) shows the same averaged E-field 
intensity calculated by DDA for the case of glass substrate. (c) Calculated 
extinction coefficient and electrical field intensity, E2, (with |E| normalized to 
incident amplitude) for silver nanoparticles by DDA.  Extinction coefficients are 
plotted as a function of particle diameter for incident light wave length fixed at 476 
nm (633 nm in air) in red curve and 388 nm (514nm in air) in blue curve. Insets 
show the E2 distribution over a spherical surface 8nm from the surface of silver 
particles with diameter of 80nm and 150 nm, respectively. The incident light 
represented by the sinusoidal modulations is traveling toward the particle, and the 
E-field is polarized in the vertical direction (colored in green). The color scale bar 




To understand the origins of the fluorescence enhancement dependence on 
particle size, we calculate the response of silver nanoparticles to incident light, using 
the discrete dipole approximation [45, 46].  In our experiment, the silver nanoparticles 
are always immersed in a thin layer of dilute buffer solution.  Thus we assign the 
index of refraction of the space outside of the silver particle to that of water [47] for all 
calculations.  For simplicity, in our calculations we model the incident light as a 
linearly polarized plane wave. Our SEM images show that the average particle 
separation well exceeds the individual diameters; therefore we limit our numerical 
calculations to the case of single silver nanoparticle. We begin with the simplest 
geometry, i.e. freely standing spherical silver nanoparticles.  Fig. 3.2(c) shows the 
calculated extinction coefficients, normalized to the geometric cross section of the 
particle as a function of particle diameter.  The thin blue curve is for an excitation 
wavelength of 388 nm in water, corresponding to 514 nm in air.  The thick curve is 
for excitation at 476 nm in water, or 633 nm in air. These two curves display 
qualitatively similar trends: the extinction coefficient first increases with particle 
diameter reaching a maximum, (at ~100 nm for the former case and ~140nm for the 
latter case) then oscillates around a slow decaying tail. This behavior is qualitatively 
inconsistent with the abrupt drop in enhancement beyond the high-enhancement 
windows shown in Fig. 3.2(a), (b). Adding the substrate to the calculation might be 
expected to change the trend quantitatively, but not qualitatively [48].  This difference 
in behavior contradicts a simple correlation of fluorescence enhancement with 
resonant coupling between the incident light and plasmons in the silver nanoparticles. 




electrical field intensity [39] near the particle shown in the insets. We note that the 




.  The 
leftmost inset shows the spatial variation of the calculated E-field intensity, 
normalized to that of the incident light in the vicinity of an 80nm diameter silver 
particle, for a wavelength of 476 nm. While the optical extinction from silver 
nanoparticles in this size range is small, there is nonetheless a strong E-field 
enhancement in regions near the top and the bottom poles of the particle. The 
rightmost inset shows that as the particle diameter increases to 150 nm, close to 
where the maximum optical extinction occurs, the regions of high E-field shift away 
from poles of the particle.  Significantly, the main effect of the particle size is in the 
spatial distribution, rather than the maximum value of the field strength.  
We now consider how the silicon substrate affects this picture.  Simple 
models of the enhancement based entirely upon the plasmon resonance suggest it 
should simply red-shift the resonance.  We include it in our calculation, treating it as 
a finite square slab of silicon [49, 55] placed behind the particle in the direction of the 
wave vector k
r
of the incident light. The lateral dimension of the silicon slab is chosen 
as 3 times the diameter of the silver particle; larger sizes are precluded by computer 
memory and practical computing time. We vary the thickness of the silicon slab from 
75 nm to 450 nm, but find that this does not change the qualitative trend of the result. 
Figure 3 shows how the calculated E-field distribution in the azimuth of incident E-
field polarization changes with the size of the silver nanoparticles; here a 150 nm 
thick silicon substrate and an incident light wavelength of 388 nm in water (514 nm 








 for a relatively small diameter of 60 nm.  As can be 
seen most clearly in the cross-sectional view, the silicon substrate, because of its large 
dielectric function, has a profound effect on the field; for this size the strongest field 
enhancement occurs beneath the particle. As shown in Fig. 3.3(b) and (f), increasing 
the particle size to 100 nm, close to the observed optimum in Fig. 3.2(a), causes 
regions of strong E-field enhancement to sweep upward, to the regions at and above 
the equator of the particle. A further slight increase in particle diameter to 120 nm 
results both in a slight downward sweep of the high field regions (Fig. 3.3(c), (g)), 
and a decrease in the measured enhancement (Fig. 3.2(a)). Increasing the particle size 
further, to 210 nm, both sweeps the regions of high E-field back into the region 
beneath the particle as shown in Fig. 3.3(d), (h), and causes a dramatic drop in the 
measured intensity (Fig. 3.2(a)).  
This sweeping of regions of high field, and its correlation to the observed 
fluorescence enhancement demonstrate the profound effect of coupling to the silicon 
substrate.  Both the particles and substrate are opaque at these wavelengths; only the 
fluorescent emission from molecules located in regions which are not shadowed by 
the particles can be observed.  Remarkably, this active substrate has a strong effect 
on the size-dependence of fluorescence enhancement in the presence of a substrate. 
As a rough means of accounting for the shadowing effect in our calculation, we 




, over only that region of the particle for which 
no shadowing occurs.  Based upon the known thickness of the protein and spacer 






Figure 3.3:  Calculated electric field intensity (E2) distributions at the distance 8 
nm from the surface of the silver nanoparticle and the silicon substrate. The 
particle diameters are 60nm, 100nm, 120nm, and 210nm for panels (a), (b), (c), and 
(d), respectively. As shown in panel (a), the incident light propagates downward 
and the polarization of the E-field is parallel to the substrate (colored in green). 
The wavelength of the incident light is 388 nm wavelength (514 nm in air). The 
color table indicates the field intensity normalized to the incident light intensity.  
Panels (e), (f), (g) and (h) are cross sectional renderings of electric field intensity 
(E2) for particle diameters of 60nm, 100nm, 120nm, and 210nm, respectively; 
panels (j), (k), (m) and (n) are cross sectional renderings of the electric field 




nanoparticles. We thus calculate the E-field intensity averaged over a hemi-spherical 
surface 8 nm from the particle surface opposite the substrate. We note that although 
regions of high field also exist within the substrate, no fluorescent molecules exist 
there.  Summary plots of the size dependence of this averaged E-field intensity for the 
two excitations are shown as solid curves in Fig. 3.2(a), (b). Good agreement between 
the measured fluorescence enhancement and the calculation is evident in both cases. 
This result shows that the distribution of the enhanced E-field intensity is crucial to 
the measured fluorescence enhancement, and leads to an important insight: as the 
particle size varies, regions of electrical field enhancement shift position; maximum 
fluorescence enhancement occurs when a large fraction of those fluorophores 
which are not shadowed by either the particles or substrate are immersed in regions 
of high field; low or no enhancement otherwise. 
Our results thus demonstrate that coupling to an active substrate plays a 
striking, and unexpected role in the optimum enhancement of fluorescence by metal 
nanoparticles.   Fluorescence from molecules located in close proximity to silver 
nanoparticles on a silicon substrate depends strongly on the particle diameter, with 
optimum normalized enhancement of at least 350 fold; the silicon substrate controls 
the regions of strong electric field, and in particular for which particle diameters are 
these regions not shadowed by the particles themselves.  This effect is even more 
striking when compared to the field intensity which results from a more conventional, 





the same particle sizes as for the Si substrate.  The substrate perturbs the field much 









size dependence is shown as the dashed curve in Fig. 3.2(a).  The maximum is shifted 
to a smaller diameter, and reduced by approximately a factor of 2; measurements, of 
the fluorescence enhancement for a SiO2 substrate, shown by the open circles in Fig. 
3.2(a) indeed show approximately half of the enhancement measured using a Si 
substrate.  The effect we see is similar to the hot-spot effect between particles which 
is believed responsible for the observation of single molecule spectrum in SERS. [4] 
Here, however it is the “hot regions” around single particles, where high electrical 
field and thus large enhancement occurs.  We thus find that it is essential to include 
the spatial distribution of the field near the nanoparticles into the consideration for 





3.2 Size-selected silver nanoparticles on a silver film 
Since the active substrate has a strong effect on the size-dependence of 
fluorescence enhancement in the presence of a substrate, it would be interesting to 
explore how it will react with the substrate of even larger dielectric response; in this 
section we address this carrying out measurements of fluorescence on for 
fluorophores located above silver nanoparticles on an underlying silver film [16].  
These measurements were in fact carried out on the same samples described in the 
last section; the size-selected silver nanoparticles prepared described above were also 
deposited on the 50 nm thick silver lines we pre-deposited to use as a navigational aid.  
Comparing fluorescence intensity from on and off these films, we find an additional 
factor of between 3-4 times in the raw enhancement ratio (i.e. with no correction for 
the Ag coverage), at a slightly smaller optimum average particle size for excitation of 
both the CY3 and CY5 fluors, as shown in Fig. 3.4.  A possible explanation for this 
additional enhancement is an image effect for the localized plasmon in the 
nanoparticles in front of the ground plane.  The dipole moment on the nanoparticles 
will induce surface charge distribution on the ground plane, and it will effectively see 
an image dipole within the silver film.  This dipole-dipole interaction generates strong 
field nearby the surface, and may excite the fluorophores much more effectively than 
the same structure without the ground plane.  An alternative explanation might be a 
coupling between localized particle plasmons and a surface plasmon in the film. In a 
later section we present a series of controlled experiments to further explore the role 
of the coupling between silver nanostructures and an underlying silver film in the 






Figure 3.4:  Summary plots for raw fluorescence enhancement for (a) CY3, (b) 
CY5 tagged proteins on size-selected silver nanoparticles on a silver film; also 




PART II  Fluorescence Enhancement From Nanostructures Defined by 
Electron-beam Lithography: 
3.3 Silver Nanocolumns with Regular-Polygonal Cross Sections 
We have fabricated arrays of square silver nanoparticles (as shown in figure 3.5, 
3.6) with various sizes and center-to-center spacings on an aluminum oxide covered 
silicon substrate to investigate the optimum geometrical parameters for enhanced 
fluorescence [17] [50].   Examples of our scanned fluorescence images are shown in the 
top two panels in figure 3.7.  These were measured by excitation with an Argon laser 
and a He-Ne laser which produce light whose wavelength is close to the maximum in 
the absorption spectrum for CY3 and CY5 respectively.   
Our size/spacing combinatorial method has the advantage that one can visually 
pick out the optimum from the intensity map.   Detailed plots of fluorescence 
enhancement versus the lateral size of the nanoparticles are shown in figure 3.7(c), 
(d).  Fluorescence enhancement becomes highly dependent on particle size in the 
limit where the particle dimensions exceed roughly one-tenth the light wavelength. 
There is also some dependence of the optimum size on the spacing, at least for 
spacing/size ratios less or equal to 2.  The optimum size for excitation at 514nm is 
approximately 90nm in the large spacing limit.  This is smaller than that for excitation 
at 633nm where the optimum size is 110nm.  These experimental observations are 
consistent with the red shift in the Plasmon resonance with increased lateral size of 







Figure 3.5:  Scanning electron microscope images of Ag nanopillar arrays. (a)  
Detail of cell containing 130nm wide square cross-section silver nanopillars with 
390 nm pitch; the field of view is 2.4µm. (b) Image showing multiple cells in which 




Figure 3.6:   AFM image (right) and height profile (left) showing the actual height 






Figure 3.7:  Scanned fluorescence images from a combinatorial array of square 
shaped nanoparticles, and excitation at (a) 514nm and (b) 633nm.  (c), (d) Plots of 
fluorescence enhancement ratio vs. width of nanoparticles for varying spacing in 




From figure 3.7(c) and 3.7(d) it can also be seen that there is a nearly monotonic 
increase in the overall enhancement as the spacing decreases.  Qualitatively, this is 
intuitive when one considers that a smaller spacing means that there is a larger area 
fraction of the surface covered with silver nanoparticles.  Figure 3.8 presents data 
normalized to the area fraction of silver.  The plot shows that the fluorescence 
enhancement is very similar for inter-particle spacings from 270-390nm.  At these 
large inter-particle spacings each nanoparticle evidently interacts with excitation light 
and excited molecules individually. Beyond two times the size of the particles, our 
results indicate weak or no coupling between particles.  In this limit, one may 
determine the optimal conditions for fluorescence enhancement by tuning the size of 
the nanoparticle (particle plasmon spectrum) to match the spectral properties of the 
fluorophore.   
 
 
Figure 3.8:   Fluorescence enhancement ratio for intensities normalized to the area 
fraction of silver for square-shaped nanoparticles with (a) excitation at 514 nm and 




A quantitative comparison of the observed optimal shapes with those producing 
a plasmon-polariton resonance coinciding with the excitation and/or fluorescence 
frequency is complicated by the difficulty of modeling resonances for the particle 
shapes studied here, including interaction with the substrate. It is known that multiple 
modes will be excited [51, 52], that retardation effects will be important, [53] as will 
interaction with the substrate [54]. Such a discussion will be carried out later in this 
thesis. 
To explore the shape effect on enhancement, we also vary the shape of the 
particles as shown in figure 3.9. Panel (b) is a SEM image of a cell containing triangle 
silver nanoparticles whose sides are 130nm long and center-to-center spacings are 
390nm.  Although we do not observe large enhancements due to hot spots between 
particles for edge-to-edge spacings down to approximately 20 nm, we do in fact see 
larger enhancements for particle shapes producing greater local electric fields.  Figure 
3.10 shows the effect of a change in the particle shape on the fluorescence 
enhancement; in this case the enhancement ratio is shown for particles of triangular 
shape.  The largest enhancement for excitation at 488/514 nm and for triangular 
particles is similar to square particles, but after normalizing to the actual area of silver 
the relative enhancement is greater for the triangles than for the squares, as seen in 
Fig. 10(a).  The results are similar for excitation at 633 nm.  When compared to 
results for the square-shaped nanopaticles, the lateral size of the particle that gives 
rise to the optimal area-normalized enhancement increases from ~75 to ~90 nm, 
consistent with reports by Jensen et al. [18] of a red-shift in the optical extinction 




consistent with theoretical modeling by Kottman et al. [52] who find the Plasmon-
polariton resonance for triangular shaped nanoparticles is red-shifted from other 
shapes, including squares.  These latter calculations also predict that the peak values 
of the enhancement of the electromagnetic fields associated with triangles is larger 
than for squares and other shapes studied [52] and that the field is strongest at specific 
positions around and close to the nanoparticle.  These should act as hot spots, 
resulting in a local fluorescence enhancement, in agreement with the modest increase 









Figure 3.9:  SEM images of (a) 130 nm lateral size square shaped silver 
nanoparticles in a field of view of 2.4 µm and (b) 130 nm lateral size triangular 
particles at a field of view of 4.3µm. 
 
 
Figure 3.10:  Fluorescence enhancement ratio for intensities normalized to the 
area fraction of silver for triangular-shaped nanoparticles with (a) excitation at 





3.4 Enhancement from anisotropic silver nanoparticles  
To explore the role of particle shape in enhanced fluorescence [15] we fabricated 
arrays of silver pillars with rod-shaped cross sections, on an ITO-coated glass 
substrate; we held the edge to edge spacing fixed at 150 nm.  SEM images of these 
structures are shown in Fig. 3.11.   We again measured fluorescence for two 
fluorophores, Cy3 and Cy5, deposited on the sample as described above.  Figure 3.12 
shows fluorescence images and summary plots of the enhancement for two 
fluorophores and for polarization of incident light both parallel and perpendicular to 
the long axes.  The results show a strong polarization and shape dependence of the 
enhanced fluorescence.  For light polarization parallel to the long axis as shown in 
Figure 3.12(a) and 3.12(b), the optimum enhancement shifts slightly to larger particle 
size for longer wavelength, which qualitatively agrees with the predicted red shift of 
the plasmon resonance for larger particle length/width ratio [1].  For the polarization 
perpendicular to the long axis, however as shown in Figure 3.12(c) and 3.12(d), the 
peak still shifts to larger particle size for longer wavelength, which is opposite to the 
predicted blue shift in the transverse plasmon resonance [1].  To test this prediction, 
we carried out the extinction measurements in collaboration with J. Simpson and H. 
D. Drew.  Figure 3.13 shows the wavelengths of the measured extinction peak versus 
aspect ratios for incident light parallel (orange) and perpendicular (blue) to the long 
axis.   The extinction peaks (open circle) indeed shift toward red and blue with 
increasing aspect ratio for polarization of incident light parallel and perpendicular to 
the long axes, respectively; thus the extinction measurements are consistent with the 




however, shows that only half of the four reside within the bands formed by the peaks 
in absorption and reemission (Cy3 in short axis and Cy5 in long axis).  The detailed 
dependence of the fluorescence enhancement we observe on anisotropic silver 
nanoparticles can thus not be fully explained by the simplest model of resonant 
plasmon coupling.  As described in the next section, to simplify the comparison, we 
fabricated two-dimensional structures on which it is feasible to carry out calculations 
of the local electric field using the finite difference time domain method.   
 
 
Figure 3.11:  SEM images of nanorod silver nanoparticle arrays on an ITO-
coated glass substrate fabricated by e-beam lithography.  The height of particles 
are ~ 75 nm and lateral size is 75 nm x 75 nm for aspect ratio (length/width ratio) 
1 particle.  (a) to (e) are aspect ratios 1 to 4.  The edge to edge spacing is 150 nm 











Figure 3.12:  Plots of enhanced fluorescence for Cy3 (green) and Cy5 (red) and 
two polarizations of laser: (a) and (b) parallel to long axis; (c) and (d) 












Figure 3.13:  Comparison of measured peaks of extinction (orange and blue) 
and aspect ratios producing maximum fluorescence (green and red) plotted as 







3.5 Two-Dimensional Nanowire Structures 
The main motivation for the work described in this section is to simplify the 
geometry to allow for quantitative comparison between calculations of the local 
electric field and fluorescence enhancement from anisotropic structures.  A secondary 
motivation is to explore how the fluorescence enhancement be affected by 2D surface 
Plasmon waveguides and make contact with detailed studies of guided modes in a 
nanoscale metallic rectangular waveguide which have been reported recently [78-81].   
In these studies we fabricated periodic silver nanowires onto an aluminum 
oxide-coated silicon substrate, varying the spatial period, and exploring the 
polarization dependence of fluorescence enhancement.  SEM images of our structures 
are shown in Fig. 3.14.  The polarization of the incident light in our scanning laser 
microscope is fixed by passing the light through a linear polarizer (the polarization is 
horizontal in images presented throughout this thesis); rather than rotate the plane of 
polarization, we effectively do measurements at two different polarizations 
simultaneously by fabricating nanowires with orthogonal orientations on the same 
substrate.  Figure 3.14(c) shows scanning fluorescence microscopy images; the 
bottom two panels in the figure summarize the enhancement and reflectance intensity 
for excitation at 514nm (CY3 fluorophore) and for polarization of incident light both 
parallel and perpendicular to the long axis.  The lateral periods for the nanowire 
arrays are indicated as fractions the excitation light wavelength, and vary between λ/4 
and 2.5 λ.  
The results show a strong polarization dependence of the enhancement, with the 




the nanowire arrays.  The optimum enhancement occurs for a spatial period of 
approximately half of the excitation light wavelength.  On the same sample, we 
prepared arrays of silver nanopillars with square cross section, and with a similar 
range of spatial periods; as shown in Fig. 3.15.  The optimum period is smaller, 
approximately quarter of the incident wavelength, and the enhancement ratio is 
around 4 times higher than that from line structures.   
It is known that interaction of light with metallic nanoparticles result in 
extinction spectra that wavelength position and amplitude depend on the size of 
particles [32, 57].  It is common to provide the extinction or reflectance spectra for 
characteristics of particle-light interactions.  Since the sample areas were very 
small, 2)6( um , and silver particle deposited on silicon wafer (non transparent), we 
were not able to measure directly extinction spectra.  Reflectance images at extinction 
wavelengths were acquired and reflectance ratios relative to the substrate were 
calculated for each patterned array.  Fig. 3.14(b) shows the reflectance images of 
silver periodic nanowires at wavelength 514 nm.  As expected, the amount of 
reflected light from the array is dependent on both the period and polarization mode.  
Reflectance values greater than 1 indicate the amount of reflected light from silver 
patterns is actually more than that from substrate.  In other words, those patterns with 










at the left are zoomed-in images to allow individual silver lines to be seen; (b) optical 
reflectance image for incident light wavelength equal to 514 nm; (c) Fluorescence map, for 
incident light wavelength equal to 514 nm; (bottom panels) quantitative analysis of 
fluorescence enhancement (blue) and reflectance intensity (red) for long axis of nanowire 
perpendicular (left) and parallel (right)to the electric field vector of the incident light.  The 
period is defined as line width plus edge-edge spacing, and line width is equal to edge-edge 
spacing in this case.  The change of line width from pattern to pattern in (a) is 
nmnm 64~|8
1
514λ  for top half and nmnm 79~|8
1
633λ  for bottom half pattern, and each half 
consists of longitudinal and transverse orientations plus single vertical line.  The “LPS” 
navigation marks consist of arrays of silver nanopillars of square cross section, each 120 
nm in width, and spaced at 220 nm center-to-center.   
 
silver nanowires absorb more light at 514 nm and the minimum reflectance 
corresponds to the maximum fluorescence enhancement at period approximately half 
of the incident wavelength along transverse polarization.  All longitudinal patterns 
have reflectance higher than 1, and no significant fluorescence enhancement from this 
orientation.  Similarly, in periodic square particles, patterns with periods located at 
local minimum in reflectance show local maximum in enhancement.  However, the 
optimum enhancement is not at the period with the major minimum in reflectance.  
The following shows a comparison of field calculation and experimental result using 







Figure 3.15:  Scanning electron microscope images (a) with enlarged images to the 
left from patterns in the square mark on various periodic square silver 
nanoparticles, (b) Reflectance image with incident light 514 nm, (c) CY3 
fluorescence map, and quantitative analysis of fluorescence enhancement (blue) 
and reflectance intensity (red) along two different orientations to the bottom two 




width is equal to edge-edge spacing in this case.  The variation of particle width is 
nmnm 64~|8
1
514λ  for top half and nmnm 79~|8
1
633λ  for bottom half pattern. The 
“LPS” navigation marks consist of array of silver nanopillars of 120 nm width and 
center-center spacing equal to 220 nm.   
 
The field distribution changes with the nanowire period.  The summary plot 
shows the average intensity 8 nm above the sample surface, at the approximate 
position of the fluorescent tags, as indicated schematically by the purple dashed lines 
in figure 3.16(a).  A comparison of the measured fluorescence and calculated field 
intensity by FDTD shows qualitative consistency: both are larger for the polarization 
perpendicular to the nanowires.  The major peak in both plots occurs at a period 
approximately half of the wavelength.  Therefore, we may conclude that the near field, 
local electric field near the particles, has a strong influence on enhanced fluorescence.  
We also summarize analysis on CY5 fluorophore, and properties are qualitatively 
consistent with what we observe in CY3 except smaller and red-shifted of the 
optimum enhancement to larger period.  Enhancement dependence is also captured by 
the field calculation (Fig. 3.17).   
It is well-known that the local field will be enhanced at the sharp tip or edge, so 
called the lightning rod effect. Recent measurements of extremely large 
enhancements of Raman scattering have been interpreted as pointing to the 
importance of “hot spots”, i.e., regions of very high field [22, 56].  We also see this 
effect along transverse orientation on the large wire period on which details can be 




perpendicular to the light polarization (“transverse” orientation) as a specific example, 
we can line up line profiles taken from reflectance and fluorescence image (Fig. 3.18) 
with higher magnification and lower attenuation, and easily find out the bright region 
which is actually on the edge of the bars.  However, we don’t observe a similar effect 
along the other polarization.  Since the silver wires here are wide as 1 µm, they may 
act as a bunch of silver film, and edge effect dominates the field distribution at those 
film edges, which we don’t see in the field calculation (Fig. 3.18(d)).  Therefore, 
fluorescence enhancement is polarization dependent and the lightning rod effect may 
alter local field distribution at the edge of the structures. 
 
 
Figure 3.16:  Field intensity calculation by 2-dimentional FDTD method and 
examples are as shown in (a). Summary plots (b), (c) of average field intensity 8nm 
above the surface as pointed out by the purple dash lines where the fluorophores 








Figure 3.17:  Summary of variation of (a) reflectance and (b) fluorescence for Ag 
nanowire arrays with an excitation wavelength of 633 nm (Cy5). Summary analysis 
along transverse mode between fluorescence and reflectance (c), and calculated 









Figure 3.18:  (a) Reflectance and (b) fluorescence images for incident light 
wavelength of 514 nm, and a Ag wire  period of 1.9 µm (line width: 950 nm); (c) 
intensity line profiles  from the marked purple rectangle regions on previous two 
images; (d) calculated (FDTD) field intensity for a 1.9 µm period silver wire array 
on a Si substrate. 
 
3.6 Enhancement from periodic nanowires with fixed line widths 
As described in previous section, our results show a strong polarization 
dependence of the enhancement.  We can easily pick out the optimum condition is for 
the polarization perpendicular to the long axis: the optimum period is approximately 
half of the incident wavelength.  It is also of interest to explore the dependence of the 
enhancement on various lateral spacing periods with a fixed silver line width.  By 
fabricating silver nanowires with different gap distances, one might expect that above 




main effect of the array will be to provide a reciprocal lattice vectors, G, at the 
surface; in this limit the metal nanowires would act as elementary dipole oscillators 
[59] each having a local particle Plasmon resonance transverse to the wire [58].  A 
schematic view of such a silver photonic crystal slab, with line width of 192 nm is 
depicted in Fig. 3.19(a), and several scanning electron microscope images to show 
top view of the pattern.  We take measurements at two different polarizations 
simultaneously by fabricating the nanowires with two different orientations on the 
same sample.  Fig. 3.20 shows the reflectance image (a) of the excitation wavelength 
(514 nm for CY3) and fluorescence map (b).  As we expected, the optimum condition 
is for the polarization perpendicular to the long axis, and the optimum period is still 
approximately half of the incident wavelength, and it manifests itself as a minimum in 
the reflectance of the excitation wavelength.  We also carried out field calculations by 
the FDTD method and extracted the average field intensity 8 nm above the surface 
where the fluorophores were located.  Comparing the results with the average field 
calculation as shown in Fig. 3.21, the first maximum average field intensity coincides 
with the optimum enhancement, but there are other average field intensity peaks at 
period 704 nm, and 1088 nm, exactly twice the line width (384 nm) in step apart from 
the first peak, with no significant enhancement shown in the measurement.  The 
second maximum local field intensity should be corresponding to higher resonance 
mode in particle Plasmon resonance; therefore, the supplied reciprocal lattice G 
vector may be able to couple with the fundamental resonance frequency at the first 
peak with smaller period and couple with the secondary at the next peak after two 




is not only red-shift in particle Plasmon resonance for larger particle size, but also the 
field distribution is no longer dipole-like , but a mixture with higher order modes, 
such as quadruple.  Modes other than the dipole are expected to be essentially non-




Figure 3.19:  (a) Schematic cross-section view of Ag nanowires sample;  (b) 
Scanning electron microscope image of Ag nanowire sample (c)-(e) magnified 
SEM images (with scale bar 1 um) of 192 nm width nanostripes with various 
periods:  (c) 256 nm , (d) 320 nm , (e)384 nm.  All the stripes in the lower right 
corner of (b) have a vertical orientation, coupling a transverse mode plasmon to the 
horizontally polarized incident light, and those in the upper left of (b) have a 
horizontal orientation, coupling a longitudinal plasmon mode to the incident light.  
The “LPS” navigational marks are made up of arrays of square silver nanopillars 






Figure 3.20:  (a) Reflectance and (b) fluorescence images for 514 nm wavelength 
incident light (Cy3) at the pattern as shown in Fig. 3.19(b) design.  (c) Summary 
plot of reflectance and fluorescence enhancement on the pattern with the light 







Figure 3.21:  (Top) Field intensity, as calculated by a 2-dimentional FDTD method; 
examples are as shown along transverse/longitudinal polarization. Periods are as 
labeled.  (Bottom) Summary plots of average field intensity (magenta, green curves) 
8nm above the surface (fluorophore position) compared with fluorescence 




3.7 Effect of spacer layer between nanowires and Ag film 
There have been reports in the literatures [14] [16], suggesting it is possible to have 
the local plasmon resonance couple to a traveling plasmon by introducing a metallic 
plane beneath the nanostructures [60, 61], and indeed it is well-known that the 
interaction between electromagnetic radiation and electric dipole resonances can be 
strongly altered in the presence of a nearby reflecting metal surface [62].  The strength 
of the coupling can be modified by introducing a spacer layer of a chosen thickness.   
 
Figure 3.22:   Schematic cross-section view of the sample with periodic nanowires 
spaced from silver ground plane by a 25 nm thick oxide spacer layer. 
 
To test the effect of varying this coupling on fluorescence enhancement, we 
fabricated silver nanowires on an aluminum oxide spacer layer deposited over a silver 
film.  The geometry is shown schematically in figure 3.22.  In these investigations we 
varied both the lateral spatial period of an Ag nanowires array and thickness of the 
oxide layer which spaces it above the underlying film systematically; the goal was to 




polarization dependence of the fluorescence.  Following the procedure described 
earlier, we effectively recorded fluorescence measurements at two different 
polarizations simultaneously by fabricating arrays with nanowires arranged at various 
spatial periods along two orthogonal directions.   
We find that the measured fluorescence enhancement ratios from nanowires 
arrays spaced 25 nm above an underlying Ag film is indeed much higher than in the 
absence of the Ag plane; this is especially so for the incident light polarization 
perpendicular to the nanowires (figure 3.24).  The optimum period is still 
approximately half of the wavelength of the incident light, but the enhancement ratio 
is increased to approximately 50 fold (Fig. 3.24(c)).  An even larger enhancement, 
approximately 90 fold (Fig. 3.23), is found for square nanoparticles at an excitation 
wavelength of 514 nm (CY3) at the same period.  We have found qualitatively 
consistent results for excitation at 633 nm (Cy5), however with a slightly larger 







Figure 3.23:  Fluorescence maps for arrays of square nanoparticles over ground 
plane with spacer layer 25 nm on CY3 (a) and CY5 (b).  A summary plot (c) of 
enhancement ratio as a function of lateral periods, ranging from 0.25 to 2.4 times 








Figure 3.24:   Enhanced fluorescence from arrays of silver nanowires spaced above 
a Ag film by 25 nm of aluminum oxide.  (a) Fluorescence map for 514 nm 
wavelength excitation (CY3); summary plots of enhancement ratio and calculated 
(FDTD) average field intensity along longitudinal (b), transverse (c) polarizations.  
Field intensity maps at labeled periods along (g) - (i) longitudinal polarizations, (d) 
- (f) transverse polarizations. 
 
Figs. 3.24(d) ~ (i) show the results of calculations of the local electric field 
intensity for Ag nanowires spaced above a Ag slab, carried out using a 2-dimensional 




with spatial period, and leads to oscillations in the average intensities determined at 
the position of the fluorescent tags, 8nm above the surface. As mentioned above, we 
are interested in the possibility of resonant coupling between the local plasmon and 
the traveling plasmon to the underlying ground plane, and indeed there is direct 
evidence of this in Figs. 3.24(d) ~ (f), with strong field intensity localized in the 
region between the silver line and the underlying ground plane.  These regions of 
strong field intensity occur for transverse polarization; they are absent for 
longitudinal (Fig. 3.24(g) ~ (i)) polarization, resulting a weaker coupling, and a 
polarization-selective enhancement in fluorescence, as seen in Fig. 3.24(b), (c).  The 
calculated field intensity reproduces the peak in the fluorescence enhancement for a 
spatial period near on half the wavelength of the incident light, but also predicts a 
second peak near   three halves the wavelength, which is not seen experimentally.  
While the agreement is only semi-quantitative, our results indicate that it is essential 
to include the spatial distribution of the field near nanostructures into the 
consideration for optimizing fluorescence employing noble metallic nanostructures.   
 
Additional evidence of the importance of coupling between Ag nanowires and 
an underlying Ag film in enhanced fluorescence comes from measurements from 
isolated wires. In the images shown earlier, in Fig. 3.14, (section 3.5) for isolated 
lines in the absence of the Ag film there is no obvious enhancement.  In contrast, as 
shown in Fig. 3.25, a significant enhancement occurs from isolated nanowires when 
spaced above silver film; this figure shows a series of intensity profiles across wires 




widths produce high fluorescent intensity above the wire, while those with large line 
widths produce dips in the intensity above the bar instead.  We find a similar effect, 
local dips in intensity above periodically spaced nanowires in some cases, as shown 
in Fig. 3.26.  Although the maps are dark for wires oriented parallel and 
perpendicular to the direction of polarization, they are brighter between the wires for 
transverse polarization, i.e. the optimum polarization for a 25 nm thick aluminum 
oxide spacer layer.   




Figure 3.25:   Intensity line profiles across isolated silver nanowires as a function 
of line widths.  Differentiation from one line profile to the next based on colors, red 






Figure 3.26:  (top) Fluorescent intensity profile 
and (bottom) fluorescence image for excitation 
at 514 nm for Ag nanowires 633 nm in width, 




The results presented in this section indicate that coupling between nanowires 
and an underlying Ag film is indeed important, and can result in a significant increase 
in the fluorescence enhancement.  In the next two sections we examine the result of 
varying the thickness of the spacer layer between Ag nanowires and an underlying Ag 
film.  We finish this section with one final set of observations for related structures, 
arrays of square nanopillars. 
 
Figure 3.27 shows what is seemingly an example of the lightning-rod effect 
mentioned above; the fluorescence images are for an array of square Ag nanopillars 
with a lateral period of 1.266 µm.  These maps show higher intensity between pillars.  
Interestingly, in Fig. 3.27(b), which is the fluorescence maps for 633 nm excitation, 
pronounced bright edges along the direction of the polarization are evident. Such 
features are absent in Fig. 3.27 (a), which is for excitation at 514 nm. We will show 







Figure 3.27:  Fluorescence images acquired for optical excitation at (a) 514 nm, 
and (b) 633 nm, for an array of square silver nanopillars spaced at a period of 
1.266 µm, i.e. twice the incident wavelength in (b).  The green and red curves are 
intensity profiles, taken from the rectangular regions marked in purple.   
 
3.8 Zero Spacer Limit: Enhancement from corrugated Ag Film 
If the spacer layer thickness is reduced to zero, the result is effectively a 
corrugated Ag film.  Systems which are composed of a dipole-active layer placed in 
front of a metal mirror have been extensively investigated [60, 61], especially in SERS 
[64, 65].  In this section, we explore the fluorescence enhancement from the corrugated 
silver surface [63] consisting of small periodic grating produced by electron-beam 
lithography.  As in previous sections, fluorescence measurements at two different 




perpendicular to the electric field vector of the incident light.  For the corrugated film 
we find that the measured fluorescence enhancement ratio is higher than that for 
nanowires without the ground plane, but less than those with oxide layer of 25 nm 
between the structures and the ground plane; this is especially so for the excitation 
polarization perpendicular to the nanowires (figure 3.28).  The optimum period is 
again approximately half of the wavelength of the incident light; the maximum 
enhancement is approximately 20 fold, as seen in Fig. 3.28(b).  Much larger the 
maximum enhancement ratios, up to approximately 140 fold are obtained for a 
corrugated Ag surface consisting of square Ag nanopillars on a Ag film at the same 
period as seen in Fig. 3.29(c) for excitation at 514 nm, and roughly the same spatial 
period. 
Figs. 3.28(d) ~ (i) show the results of calculations of the electric field intensity 
for linearly corrugated Ag films, using a 2-dimensional FDTD method and incident 
light along two polarizations.  As shown in figure 3.28(d) ~ (f), the field distribution 
varies with spatial period, which leads to a variation in the average intensity 
determined at the height of the fluorescent tags, 8nm above the surface.  These 







Figure 3.28:  Enhanced fluorescence from corrugated surfaces consisting of arrays 
of silver nanowires deposited on a Ag film.  (a) Fluorescence map of overall sample, 
measured with an excitation wavelength of 514 nm (Cy3); (b), (c) summary plots of 
enhancement ratio and calculated (FDTD) average field intensity with  (b) 
longitudinal, (c)  transverse polarizations;  (d)-(i) field intensity maps at indicated 







Figure 3.29:  Fluorescence maps for array of square nanoparticles on ground 
plane without spacer layer for optical excitation at (a) 514 nm and (b) 633 nm; (c) 
summary plot of enhancement ratio as a function of lateral periods, ranging from 
128 nm to 1.26 µm. 
 
3.9 Thick spacer layer 
In the previous 2 sections, we demonstrated that an additional enhanced of 
fluorescence from Ag nanostructures is possible in the presence an underlying Ag 
film.  In this section we investigate the tunability of this effect by increasing the 
spacer layer thickness.  We fabricated silver nanowires on an aluminum oxide spacer 




enhancement ratio in this case is again much higher than for Ag nanowires without 
the underlying Ag film.   However, in this case the maximum enhancement, of 
approximately 100 fold occurs for the incident light polarization parallel to the 
nanowires as seen in figure 3.30.  Significantly the sense of the optimum polarization 
has switched, in increasing the oxide thickness from 25 nm to 80 nm.  The optimum 
period again shifts as the excitation wavelength of the incident light is changed from 
514 to 633 nm.  Finally, the maximum enhancement ratio for excitation at 514 nm 
and square nanopillars over an increase to approximately 120 fold for this spacer 
thickness, again at a period approximately half of the wavelength of the incident light 
(fig. 3.32).  
Field calculations for this geometry based on the 2-dimensional FDTD method 
are presented in Figs. 3.30(d) ~ (i).  As shown in Figs. 3.30(g) ~ (i), the field 
distribution varies with spatial period, which again leads to different average 
intensities at the height where the fluorescent tags reside.   We no longer see the same 
regions of intense electric field between the wires and film for transverse polarization 
at this larger spacer layer thickness.  Instead the fluorophores are lifted up into the 
strong field region between the wires for the longitudinal polarization, the optimum 
polarization for this particular spacer layer thickness.   Furthermore, the optimum 
polarization can also be tunable by period of the nanowires, not merely by spacer 
layer thickness (Fig. 3.31).  Although we don’t yet have detailed explanations on the 
optimum period discrepancy, our results indicate that it is essential to include the 
spatial variation of the spacer layer over the ground plane in the calculation for tuning 




What we observed before about the bright edge in previous sections (spacer 
layer 25 nm) with a large square period, the edge effects are only observed with the 
transverse orientation and for CY5.  Take the same square period 1.266 um as an 
example; we now have the bright edges along the opposite orientation from CY3 
instead from CY5 fluorescence map, and it is the same optimum polarization as we 




Figure 3.30:  Fluorescence (CY3) enhancement from arrays of silver nanowires 
separated from an underlying Ag film by an aluminum oxide layer 80 nm in 




enhancement ratio and calculated (FDTD) average field intensity for (b) 
longitudinal  and (c) transverse polarizations; (d) – (i) field intensity maps at 





Figure 3.31:  Fluorescence (CY5) enhancement from arrays of silver nanowires 
separated from an underlying Ag film by an aluminum oxide layer 80 nm in 
thickness. (a) Fluorescence map of entire sample; (b) summary plots of 
enhancement ratio and (c) calculated (FDTD) average field intensity for 
longitudinal and transverse polarizations as a function of lateral period, ranging 






Figure 3.32:  Fluorescence maps for array of square nanoparticles separated from 
an underlying Ag film by an aluminum oxide layer 80 nm in thickness for 
excitation at an optical wavelength of (a)514 nm (Cy3) and (b)633 nm (Cy5);  (c) 
summary plot of enhancement ratio as a function of lateral period, ranging from 







Figure 3.33:  Fluorescence images from square silver nanoparticles spaced with 
lateral period 1.266 µm and separated from an underlying Ag film by an aluminum 
oxide layer 80 nm in thickness; incident light excitation wavelength (a) 514 nm 
(Cy3), and (b)633 nm (Cy5), which is One line profile for each image is taken from 
the purple rectangle region.  Colored curves show fluorescence intensity profiles.  
 
3.10 Oscillatory behavior in optimum polarization 
In this final results section we discuss the overall spacer layer thickness 
dependence of the fluorescence enhancement from Ag nanowires above an Ag film.    
Our results show that as we continue increasing the spacer layer thickness, the 
optimum polarization direction switches between parallel and perpendicular to the 
silver nanowires twice in the region we explored, as shown in figure 3.34.  We also 
find that the enhancement ratio falls off quickly after oxide thickness 100nm.  As 




spacer layer of 25nm, then switches to parallel as the spacer layer was increased to 
80nm.  As seen in Fig. 3.34, the optimum polarization switches back to perpendicular 
for a spacer layer thicker than 140nm.   We interpolate the experimental data points 
(as shown in solid dots in Fig. 3.34) by smoothing spline with smoothing factor 1 
along longitudinal and 5 along transverse polarization. 
Our field calculations by FDTD capture part of this behavior, as described in 
previous two sections, and as summarized in Fig 3.35.  The field distribution is 
qualitatively different for two different polarizations.  There is more intense region 
above the lines than in between the lines for the perpendicular polarization, and that is 
opposite for the parallel polarization.  Although the fluors are only 8nm above the 
surface, we don’t have particularly strong enhancement for the parallel polarization.  
More importantly, we have the strong coupling at the region in between the line and 
the ground plane for the perpendicular polarization as shown in figure 3.35(b).  As the 
spacer layer is increased to 80nm, the coupling is much less for the perpendicular 
polarization, and the fluorophores would be lifted up into the strong field in between 
the lines for the parallel polarization.  This explains the interchange of which 






Figure 3.34:   (Top) measured fluorescence (CY3) images for Ag nanowires spaced 
above an underlying Ag film for excitation at 514 nm (field of view approximately 
7um); (bottom) summary plots of enhancement ratio for longitudinal and 
transverse polarizations as a function of spacer layer thickness, ranging from 25nm 







Figure 3.35:  Field calculations Ag nanowires spaced above an underlying Ag film 
for excitation at 514 nm by using a 2-dimensional FDTD method; (a),(b) field 
intensity distribution for longitudinal and transverse polarization, oxide spacer 
layer thickness 25nm; (c),(d) field intensity distribution for longitudinal and 
transverse polarization, oxide spacer layer thickness 80nm;  (e),(f) field intensity 
8nm above the surface (dashed lines in (a),(b)) with respective color indicating 
where the fluorophores are located; spacer layer thickness is 25 nm; (g),(h) field 
intensity 8nm above the surface (dashed lines in (c),(d)) with respective color 
indicating where the fluorophores are located; spacer layer thickness is 80 nm. 
 
In figure 3.36, we present a summary plot of the calculated field intensity by 
FDTD for comparison to the measurements of fluorescence maxima in figure 3.34.  
The field intensity is shown for heights 8nm above the surface with nanowires for two 




650nm.  The field intensity reproduces the two crossings we observe, but in addition 
shows additional crossings, and no obvious damping of the enhancement with 
increasing spacer layer thickness.  As the spacer layer thickness increases, the high 
field along transverse polarization appears periodically between the silver nanowire 
and the ground plane, resulting in the peaks, at oxide layer thicknesses of: 48, 248, 
352 nm.  In contrast, the peaks along longitudinal polarization are due to the 
intermediate region being pushed up into high field periodically as the spacer layer 
thickness increases.     
Clearly the local field intensity and its variation with spacer thickness explain 







Figure 3.36:  Field calculations by using FDTD method:  Field intensity maps (top) 
at different oxide layer thicknesses as labeled along longitudinal (orange) and 
transverse (blue) polarizations.  A summary plot (bottom) shows the average field 
intensity 8nm above the surface where the fluorophores locate as a function of 




Chapter 4: Conclusions 
The unique contribution of this work is to employ electron beam lithography in 
the systematic study of fluorescence enhancement from noble metallic nanostructures.  
Fluorescence enhancement from silver nanoparticles is highly size- and shape- 
dependent.  The wavelength dependence of the observed optimum size is qualitatively 
consistent with a red-shift in the transverse Plasmon-polariton oscillation modes for 
oblate spheroid particles of decreasing height/width ratio, although our shapes are 
more complex, resulting in additional modes.   
Our results also show that the effect of decreasing the spacing is to decrease the 
normalized enhancement ratio, which is consistent with a shift in the plasmon-
polariton frequency away from that of the fluorescence at relatively small particle 
spacings, i.e. less than 1.5 times the lateral size of the nanoparticles. Indeed such an 
effect has been reported in optical absorption measurements from silver dot arrays at 
comparable spacings by Gotschy et al. [66] On the contrary, for center-to-center 
spacings of more than ~2-3 times the lateral size of the nanoparticles, the optimum 
size for fluorescence no longer depends on spacing, thus indicating weak interparticle 
coupling beyond this.  However, by comparing the optimum height/width ratio of the 
spheroid nanoparticles with the polarization dependence of the incident light, particle 
Plasmon resonance can no longer fully explain the mechanism in the fluorescence 
enhancement.  
Calculations, both for isolated nanoparticles and for periodic nanowires, 
demonstrate that active substrates, i.e. those with large dielectric functions, have a 




presence of a substrate, and the region of high field shift position as the particle size 
varies, thus maximum fluorescence enhancement occurs when a large fraction of 
those fluorophores which are not shadowed by either the particles or substrate are 
immersed in region of high field; low or no enhancement otherwise. 
We generally find that the maximum fluorescence enhancement from compact 
periodic nanoparticles is much higher than that from periodic nanowires; nonetheless 
it is interesting to consider the polarization dependence of fluorescence enhancement 
in attempting to understand the contribution of local fields.  The local field intensity 
distribution changes across nanowires structures as we vary the polarization of 
incident light, and that gives rise to an optimum polarization direction.  We find that 
the enhancement can be greatly magnified in the presence of an underlying Ag film.  
Most intriguingly, we find an switching behavior of the optimum polarization as we 
increase the spacer layer between the nanowires and the ground plane, which appears 
only partly explained by variation in the local field intensity.    
Since both absorption and reemission of fluorescence are wide spectrums, the 
possible future work is to replace band pass filter and detector with spectrometer to 
collect spectral response of fluorescence.  We can even replace the excitation by lamp 
with finite and compatible spectrum for absorption in fluorescence.   
 We expect this new insights provided by this work to lead to advances in the 
development of highly sensitive biochips.  We further note that the work presented 
here represents only a limited optimization, and anticipate larger enhancements via a 
systematic variation of the multiple parameters we find are important in noble metal 




 Appendix A - Finite-Difference Time-Domain (FDTD) 
  
In 1966 Yee [24] proposed a technique to solve Maxwell’s curl equations using 
the finite-difference time-domain method [67]. It has been used to solve numerous 
scattering problems on microwave circuits, dielectrics and electromagnetic wave 
interaction with a number of materials at different frequencies [68-70]. 




























are assume to be given functions of space and time. In a Cartesian 
























































































































Yee defines the grid coordinates (i,j,k) as  
    ),,(),,( zkyjxikji ∆∆∆=  
where zyx ∆∆∆ ,, are the actual grid separations. Any function of space and time is 
written as 
    ),,,(),,( tnzkyjxiFkjiF n ∆∆∆∆=  
where t∆ is the time increment, n is the time index and zyx ∆=∆=∆=δ . The spatial 







































Equations (A4a), (A4b) are applied to the six scalar equations (A2a) ~ (A2f) resulting 
in six coupled explicit finite difference equations, and then the electric field and the 
magnetic field are solved alternatively in time. In all of the finite difference equations 
the components of HE
rr
, are located within a single unit cell in the three-dimentional 

























To yield accurate results, the grid spacing δ in the finite difference simulation must 
be much less than the wavelength, usually less than
10
λ . The stability condition 
relating the spatial and temporal step size is [71] 













where maxv is the maximum velocity of the wave. When the step size δ is the same in 
all directions, the stability condition is  











Appendix B - Discrete Dipole Approximation (DDA) 
 
The whole system, including nanoparticles and a substrate are modeled by 
collection of N dipoles with dipole moment pv .  We calculate the response of these 
dipoles to fields associated with the incident light and those induced by the other 
dipoles [23].  For a dipole at site i, the dipole moment is ip
v  with amplitude α  
proportional to the electric field on the i site (eq. (B1) and (B2)) 
  
   
 
 
Here Ei is the electric field on the i site resulting from the incident light and 
induced field from other dipoles.  By an iterative method with initial condition 
)exp(ˆ,0 0
)1()0(
iii ikxyEEp −== , we can calculate the dipole moments, using  
 
where η is introduced for improving convergence, set 0.5.  Then we extract the 




















































































Appendix C – Metrology of spherical nanoparticles 
 
The statistics of the size and the number density of the particles were obtained 
by analyzing SEM images scanned from the sample with image processing software 
developed in Java [36]. Originating from the ImageJ module (NIH), it defined particle 
regions on images by convolution with a series of image processing matrixes, and 
analyzes particle spacing based on Voronoi’s theorem [40]. This yielded statistics of 
particle distribution; more details are described below. 
We have created an algorithm to extract statistics on particle average height, 
area, volume, center-to-center distance, and peak-to-peak distance based upon real 
AFM and SEM images [36].  We have used this analysis to correlate metal enhanced 
fluorescence with these geometrical parameters in a meaningful way, and to derive 
conditions for which the MEF is optimized.  In the pre-processing step, the source 
image passes through a series of convolutions with different image processing 
matrixes and results in several intermediate images prepared for particle definition.  
In addition, it also allows users to subtract background for AFM images to 
accommodate piezo effect in tip scanning.  In the particle definition step, we find the 
correlation in between those intermediate images from previous process, followed by 
morphological pruning and erosion plus dilation to eliminate sharp noises and close 
up the particle edges.  After we determine the particle edges, we label every particle 
region and define territories by implementing the Vorinoi theorem [40, 77].  Finally, the 
program extracts particle statistic information and exports data after merging or 

























Figure C.1:  Algorithm flow chart for Java software. 
Definition of particles   
Statistic Analysis 


































































Appendix D - Photobleaching in fluorophores CY3 and CY5 
  
Photobleaching is the photochemical destruction of a fluorescent molecule.  It 
involves two processes, absorption and reemission.  The total number of photons one 
fluorescent molecule can emit is proportional to the number of cycles of absorption-
emission it has completed, and each cycle has an equal probability of causing 
photobleaching [41].  Loss of activity caused by photobleaching can be controlled by 
reducing the intensity or time-span of light exposure, by increasing the concentration 
of fluorophores, or by employing more robust fluorophores that are less prone to 
bleaching.  To a reasonable approximation, any given molecule will be destroyed 
after a long-term exposure.  We have conducted experiments to explore the 
photobleaching effect on CY5 and CY3.  Since we have kept the concentration of 
fluorophores and laser beam power the same, the only variable is exposure time.  
After scanning a series of CY5 fluorescence images on a groove pattern described in 
section 3.6, the fluorescence ratios depending on various groove widths along two 
different polarizations remain similar for the first several scan frames (Fig D.1).  On 
the other hand, the CY3 fluorescence dependence on polarization lasts much longer 
than for CY5 in the same scan time. (Examples are shown in figure D.2 for large 






















Figure D.1:  A series of CY5 fluorescence images labeled with scan number ((a) ~ 
(d)), and fluorescence ratio as function of line width to 633nm ratio along two 



























Figure D.2:  A series of CY3 fluorescence images labeled with scan number ((a) ~ 







Appendix E - Attenuation in fluorescence measurement  
 
As described in section 2.4, an intensity ratio allows us to correlate the 
fluorescence intensities from different samples by taking optical densities into 
account.  We demonstrate how the results would look in the saturation region.  Shown 
in Fig. E.1, are three CY5 fluorescence images under different attenuation filters, 
index 3, 10, and 30.  Quantitative analyses of enhancement ratio for various line 
periods along two different groove orientations are plotted as well.  It is easy to pick 
out that the enhancement ratio curves would be truncated for working in the 
saturation region, at attenuation indexes of 3 and 10.  The case of attenuation index 
30 gives the most detailed information among all three.  Therefore, we should pick 
the fluorescence image with attenuation index 30 as the source for our fluorescence 








Figure E.1:  CY5 fluorescence images with different attenuation filter as labeled ((a) 
~ (c)), and plots for fluorescence enhancement as function of the ratio of line width 




Appendix F - Fluorescence lifetime measurement 
 
The strong interaction of excited fluorophores with metallic nanoparticles causes 
enhanced intensity and decreased fluorescence lifetime as reported by theoretical and 
experimental data [28, 50, 73].  Measurements described in this section conclude that the 
enhanced fluorescence intensities are actually due to the interaction of the excited 
local field with the fluorophore rather than local fluorophore distribution [74 -76].  Here 
we use another fluorescence tag, fluorescein, which exhibits sharper absorption and 
reemission spectrums with peaks both higher than those for CY3 (Fig. F.1).   
Fluorescein conjugated to biotin was immobilized using an additional layer of avidin 
that, as a tetrameric protein, would act as a link between the surface-bound and dye-
bound biotins. The distance between fluorescein and the Ag surface is estimated in 
this case to be about 9 nm (combined thickness of BSA and Avidin). 
Lifetime data were obtained for Fluorescein-biotin system by acquiring a set 
of phase-sensitive fluorescence images at a modulation frequency of 40 MHz. This 
was accomplished using Fluorescence Lifetime Imaging Microscope [75, 76], where 
sinusoidal modulated amplitude of a light emitting diode (LED) was used [74].  From 
the difference of phase angle between fluorescence and excitation signal a phase 






= , where f is the modulation 
frequency, and φ the measured phase shift. The average phase lifetime was calculated 
for each array.  Figure F.2 shows the fluorescence enhancement and corresponding 




decrease in lifetime can be used as direct confirmation of effects of interaction of 
excited fluorophore with plasmon resonant nanoparticles.  Large decrease of 
fluorescence lifetime is observed only for near-field effects, at distances where the 
excited molecule dipole interacts most strongly with the nanoparticle [28, 73]. 












Wavelength (nm)  
Figure F.1:  Absorption and emission spectra of Fluorescein, Cy 3 and Cy 5. Laser 






Figure F.2:  Decrease in fluorescence lifetime (red) with simultaneous fluorescence 
enhancement (blue) is a unique fingerprint of interaction of excited molecules with 
particle plasmon resonance. Data are for Fluorescein-biotin on a Ag array with 
square and triangle shapes of particles and spacing of 210 nm. Excitation of 470 




Appendix G - Enhancement dependence on particle height 
 
Other than controlling the shape and the size of the nanoparticles, we also 
conduct experiments to explore the dependence on the particle height as well.  As 
described in section 3.4, the optimum square nanoparticle is 90 nm for CY3, so we 
decided to fabricate array of square nanoparticles with fixed lateral size 90 nm and 
center-center spacing 210 nm on an aluminum oxide covered Si substrate, and vary 
the particle height with the upper limit set by the thickness of the PMMA resist.  As 
shown in Fig. G.1, the optimum enhancement for CY3 occurs at ~ 75 nm particle 











Figure G.1:  Fluorescence enhancement dependence on square particle height with 




Appendix H - Transmission on Al2Ox covered glass 
 
To investigate the role of the oxide layer in fluorescence enhancement, we 
have done transmission measurements on the glass slides covered with different 
thicknesses of oxide, and as summarized in figure H.1(b), the transmission does not 
drop significantly as the thickness of oxide layer increases.  Thus the effective 
intensity for ground plane coupling may still be effective as we increase the thickness 
of the oxide layer, and which can not explain the decreasing phenomenon for the 




Figure H.1:  Summary plots show the transmission spectrum (a) and the 
transmission at two incident wavelengths for CY3 and CY5 (b), from glasses 




Appendix I – Height-height correlation function  
 
The surface roughness can not only be characterized by the RMS roughness, 
but also the correlation length, which can be estimated by height-height correlation 
function as shown below: 
       (I1) 
ξ  is the correlation length and can be calculated by fitting the equation above on the 












Appendix J – Enhancement from nominally flat metallic and 
non-metallic films 
 Due to the difference in dispersion relationships between light and surface 
plasmons, a flat metallic film should not enhance fluorescence.  However, as pointed 
out by Moskovits [43] roughness on a metal surface can lead to coupling of light to 
plasmons.  In this section we discuss observations of fluorescence on nominally flat, 
but in reality rough surfaces, [19] including observations of fluorescent intensity from 
fluorophores spaced above both metallic and non-metallic substrates.  All samples 
were masked off so that regions of contiguous films of silver 75 nm thick were 
bordered by regions with no such films; aluminum oxide films of various thicknesses 
were deposited onto the entire samples using a commercial electron-beam evaporator 
(CHA Mark-40).  We then used AFM to characterize surface roughness and 
correlation length based on analysis of the height-height correlation function (detailed 
in Appendix I).  Over the range of oxide layer thickness we have explored (Fig. J.1), 
the surface roughness on 75 nm silver covered Si (001) substrate increases initially up 
to peak value around 3.2 nm, and decreases after oxide layer thickness exceed 60 nm.  
The correlation length has a similar behavior on this type of surface, and shows a 
peak at approximately 80 nm oxide layer thickness with maximum correlation length 
around 60 nm.  On the other Si (001) surface, the surface roughness and correlation 
length monotonically increase over the same range of oxide layer thickness, and 
merge with those from silver covered surface at surface roughness ~ 1.4 nm and 






Figure J.1:  AFM images (field of view: 2 um) with different oxide (Al2Ox) layer 
thickness as labeled on silver-covered (75 nm) Si (001) surface (a) ~ (e) and Si (001) 
surface (f) ~ (j).  Summary plots for roughness (k) and calculated correlation 
length (l) on these two different surfaces with oxide (Al2Ox) layer thickness ranging 
















Figure J.2:  Reflectance from silver covered and non-covered Si (001) surfaces are 
measured by reflectometer (N&K analyzer 1500) over the range of wavelength from 
200 nm to 1 um.   
 
 We also measure fluorescence for two different fluorophores simultaneously, 
CY3 (green) and CY5 (red).  The reflectance and fluorescence images are shown in 
figure J.3 and J.4 respectively for CY3 and CY5.  By capturing images at the 
boundary between silver covered and non-covered substrates, we can compare the 
intensities from the two different surfaces either on reflectance of incident 
wavelength or on fluorescence of CY3/CY5.  The reflectance (as measured 
independently by a commercial reflectometer, N&K analyzer 1500) from silver-
covered surfaces is higher than that from Si surface at incident wavelengths of both 
514 and 633 nm, the reflectance intensities from silver-covered portions are always 







source of high fluorescence, we should observe the fluorescence intensities from 
silver-covered portions to be consistently brighter than non-silvered portions.  
However, there are several exceptions in the range of oxide layer thicknesses we 
explored, e.g. oxide layer thicknesses 120 nm, 135 nm for CY3 (Fig. J.3) and 135 nm, 
170 nm for CY5 (Fig. J.4).  On those fluorescence images, the intensities from the 
half only covered by oxide are actually brighter than those from the other half 




Figure J.3:  Reflectance (a1) ~ (a7) and CY3 fluorescence (b1) ~ (b7) images (field 
of view ~ 110 um) at the edge between silver covered (right part of each image) and 
non-covered (left part of each image) part of the Si (001) substrate, and the 




field intensity 8 nm above the surface (lines) on silver covered substrate (blue) and 
non-covered Si substrate (red) as a function of oxide (Al2Ox) layer thickness 




Figure J.4:  Reflectance (a1) ~ (a7) and CY5 fluorescence (b1) ~ (b7) images (field 
of view ~ 110 um) at the edge between silver covered (right part of each image) and 
non-covered (left part of each image) part of the Si (001) substrate, and the 
summary plot (c) of normalized intensity (points) and calculated (FDTD) average 
field intensity 8 nm above the surface (lines) on silver covered substrate (blue) and 
non-covered Si substrate (red) as a function of oxide (Al2Ox) layer thickness 





 We calculate the field intensity distributions by 2-dimentional FDTD methods 
(appendix A) for various Al2Ox layer thicknesses deposited on both silver-covered 
and non-covered Si substrate (Fig. J.5), and summarize the average field intensities 
(Fig. J.3(c)) 8 nm above the surface as pointed out by the purple dash lines where the 
fluorophores locate.  Since we are working on the substrate only, the plane source 
wave propagates from the top and bounces back until it reaches steady state.  The 
field intensity map at the steady state would still be a plane wave but with half of the 
wavelength of the field.  Therefore, the incident wavelength (514 nm in vacuum) of 
CY3 is 320 nm in Al2Ox, and we have a peak-to-peak distance in the calculation equal 
to 160 nm (Fig. J.3(c)). On the other hand, the incident wavelength (633 nm in 
vacuum) of CY5 is 400 nm in Al2Ox, and the peak-to-peak distance in calculation 
equal to 200 nm (Fig. J.4(c)).  The maximum field intensity with oxide on the silver 
plane is higher than that with oxide on Si substrate.  The optimum field intensities 8 
nm above would oscillate in between the two surfaces due to the phase difference, 
and that explains the switching phenomenon of which side shows higher intensity in 
the fluorescence images.  The normalized intensities are the intensities normalized by 
the attenuation ratio (Section 2.4), and the peak shifts from 0 nm on silver surface for 
CY3 to 90 nm for CY5. Furthermore, the fluorescence intensities for both 
fluorophores decay as the oxide layer thickness increases.  More calculations are 







Figure J.5:  Field intensity distributions calculated for various aluminum oxide 
layer thicknesses as labeled on silver-covered (a) - (c) or non-covered (d) - (f) Si 
substrate with incident wavelength 514 nm (for CY3).  The average field intensities 
in the summary plot (Fig. J.3(c)) are 8nm above the surface as pointed out by the 




Appendix K – Calculated dipole moment contribution  
 Clearly the local field intensity and its variation with spacer thickness explain 
only a part of the complicated switching behavior we observe in the dominant 
polarization (section 3.10).  We must also consider possible mechanisms of damping 
in fluorescence enhancement as the spacer layer thickness increases, which we will 
now discuss. 
Based on Mie theory [1], electric fields generated by very small particles are 
purely dipolar, but the fields may gain additional higher-order components 
(quadupole, octapole, etc.) as the particle size increases. It’s generally believed that 
only the dipole moment can radiate its field outward, and others do not significantly 
to radiation from the particle.   We have observed damping of fluorescence 
enhancement as a function of oxide layer thickness which is not predicted by the 
FDTD calculations.  Here, we calculate the dipole moment as a function of spacer 
layer thickness in order to test the simple idea that it is the dipole moment 
contribution to the overall field is important to fluorescence enhancement.  As we 
learn from classical electrodynamics [82], the electric field can be decomposed into 
various modes, and the dipole component can be calculated from the charge density 
distribution relative to the center of mass.  We employ Gauss’s law to calculate the 
divergence of electric fields, and divide by the dielectric function to attain the local 
charge distribution )(rrρ  (fig. K.1(b)),  
           







which is then used to calculate the dipole moment (P) associated with the charges at 
the position of fluorescence molecules near the nanowire structures, (fig. K.1(c)) 
           
  (4) 
where 0r
r
 is defined as center of mass based on the charge distribution. 
           
  (5) 
Due to the limitations of 2-dimensional FDTD calculations, we can only calculate the 
magnitude of the dipole moment, 0P , as a function of spacer layer thickness with 
transverse excitation polarization (fig. K.1(c)).  Unlike the oscillatory behavior of the 
calculated average field intensity 8 nm above the surface with transverse polarization 
(fig. 3.36), the dipole moment contribution to the local field along this polarization 
damps out as we increase the spacer layer thickness.  This is qualitatively consistent 
with what we observe in the experimentally (fig. 3.34).     
The damping of fluorescence enhancement is observed as we expand the 
structure not only vertically, but also laterally.  As discussed for periodic nanowires 
with fixed line width in section 3.6, the enhancement ratio damps out at large period, 
while the calculated E-field squared oscillates.  We carry out similar calculations of 
dipole contribution to the overall field for this lateral expansion along transverse 
polarization, and the magnitude of the dipole moment damps out as the period of the 
nanowires increases (fig K.2).  This is qualitatively consistent with the measured 
fluorescence enhancement ratios which have been corrected with silver coverage area 


















This trend provides a strong indication for what the underlying cause of the 
energy damping is likely to be, and provides additional evidence that the dipolar 
contribution to the local field is the most important factor in explaining far-field 





Figure K.1:  (a) Schematic of nanowires on the multilayered substrate. (b) Example 
of charge density distribution with transversely polarized excitation, a spacer layer 
thickness of 25 nm, and a nanowire period of 0.75 times the excitation wavelength, 
or 384 nm. (c) Graph of average calculated dipole moment magnitudes along a line 
8 nm above the surface (as labeled in (a)), as a function of spacer layer thickness 





Figure K.2: Graph of Ag coverage area corrected enhancement ratio (blue) and 
average calculated dipole moment magnitudes (red dots; solid line is a smoothed 
spline fit, to guide the eye) along a line 8 nm above the surface, as a function of 
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